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A semiconductor device includes a time - to - digital converter 
( TDC ) that receives a reference frequency signal and a 
feedback frequency signal , and outputs a first digital signal 
indicating a time difference between the reference frequency 
signal and the feedback frequency signal ; a digital loop filter 
( DLF ) that outputs a second digital signal generated by 
filtering the first digital signal ; a multiplier circuit that 
outputs one of a third digital signal and a final test signal , the 
third digital signal generated by performing a multiplication 
operation on the second digital signal using a multiplication 
coefficient ; a digital - controlled oscillator ( DCO ) that gener 
ates an oscillation signal having a frequency based on the 
output one of the third digital signal and the final test signal ; 
and a loop gain calibrator ( LGC ) that receives the oscillation 
signal , generates a pair of test signals , and determines the 
multiplication coefficient using the pair of test signals . 
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SEMICONDUCTOR DEVICES AND digital signal indicating a time difference between the ref 
METHODS OF OPERATING THE SAME erence frequency signal and the feedback frequency signal . 

The semiconductor device also includes a digital loop filter 
This application is a Continuation of U.S. application Ser . ( DLF ) configured to output a second digital signal generated 

No. 16 / 027,646 , filed on Jul . 5 , 2018 , which claims priority 5 by filtering the first digital signal . The semiconductor device 
to Korean Patent Application No. 10-2018-0002203 , filed on also includes a multiplier circuit configured to output one of 
Jan. 8 , 2018 , and all the benefits accruing therefrom under a third digital signal and a final test signal , the third digital 
35 U.S.C. § 119 , the disclosure of which is incorporated signal being generated by performing a multiplication opera 
herein by reference in its entirety . tion on the second digital signal using a multiplication 

10 coefficient . The semiconductor device also includes a digi 
BACKGROUND tal - controlled oscillator ( DCO ) configured to generate an 

oscillation signal having an oscillation signal frequency 
1. Field based on the output one of the third digital signal and the 

final test signal . The semiconductor device also includes a 
Some example embodiments relate to semiconductor 15 loop gain calibrator ( LGC ) configured to receive the oscil 

devices and methods of operating the same , and more lation signal , generate a pair of test signals , and determine 
particularly , to semiconductor devices including a digital the multiplication coefficient using the pair of test signals . 
phase locked loop ( DPLL ) and methods of operating the According to some example embodiments , there is pro 
semiconductor device . vided a semiconductor device including a time - to - digital 

20 converter ( TDC ) configured to receive a reference frequency 
2. Description of the Related Art signal and a feedback frequency signal , and output a first 

digital signal indicating a time difference between the ref 
A digital phase locked loop ( DPLL ) receives a reference erence frequency signal and the feedback frequency signal . 

frequency signal and a feedback frequency signal , which is The semiconductor device also includes a digital loop filter 
provided via a feedback loop , and generates an oscillation 25 ( DLF ) configured to output a second digital signal generated 
signal , which is set to the same desired frequency as a clock by filtering the first digital signal . The semiconductor device 
signal , by converting the received the reference frequency also includes a multiplier circuit including a multiplier 
signal and the feedback frequency signal such that the configured to generate a third digital signal by performing a 
frequencies of the two signals can become same and the multiplication operation on the second digital signal using a 
phase difference therebetween can become uniform . 30 multiplication coefficient , and a multiplexer configured to 

The DPLL , unlike a phase locked loop ( PLL ) , which is of selectively output one of the third digital signal and a final 
an analog type , does not use elements such as a charge pump test signal to a digital - controlled oscillator ( DCO ) . The DCO 
circuit , an analog low pass filter , and the like . Thus , the is configured to generate an oscillation signal having an 
DPLL occupies a small space and can be operated with a low oscillation signal frequency based on the output one of the 
voltage . 35 third digital signal and the final test signal . The semicon 
However , the DPLL may be affected by process - voltage- ductor device also includes an loop gain calibrator ( LGC ) 

temperature ( PVT ) variations . For example , a time - to - digital configured to receive the oscillation signal , generate a pair 
converter ( TDC ) or a digital - controlled oscillator ( DCO ) of of test signals , and generate the final test signal using the pair 
the DPLL may be affected by PVT variations . Specifically , of test signals . 
factors such as the resolution ( Ardc ) of the TDC and the 40 According to some example embodiments , there is pro 
gain ( Koco ) of the DCO may be affected by PVT variations vided a method of operating a semiconductor device includ 
and may thus change the loop gain of the DPLL . As a result , ing generating a first output signal by performing a first 
the loop bandwidth of the DPLL may not be able to be calibration operation on an oscillation signal of a digital 
uniformly maintained . controlled oscillator ( DCO ) , the oscillation signal having an 

45 oscillation signal frequency . The method also includes gen 
SUMMARY erating a first test signal , a frequency of the first test signal 

being lower than a frequency of the first output signal by as 
Some example embodiments provide semiconductor much as a first frequency . The method also includes gener 

devices capable of providing a uniform loop gain and a ating a second test signal , a frequency of the second test 
uniform loop bandwidth by offsetting variations in the 50 signal being higher than the frequency of the first output 
characteristics of a digital - controlled oscillator ( DCO ) , signal by as much as the first frequency . The method also 
resulting from process - voltage - temperature ( PVT ) varia- includes generating a final test signal based on the first and 
tions . second test signals . The method also includes performing a 
Some example embodiments also provide methods of second calibration on the oscillation signal frequency by 

operating a semiconductor device capable of providing a 55 providing the final test signal to the DCO . 
uniform loop gain and a uniform loop bandwidth by offset- Some example embodiments and features of the present 
ting variations in the characteristics of a DCO , resulting disclosure may be apparent from the following detailed 
from PVT variations description , the drawings , and the claims . 
However , some example embodiments are not restricted 

to those set forth herein . Some example embodiments will 60 BRIEF DESCRIPTION OF THE DRAWINGS 
become more apparent to one of ordinary skill in the art to 
which the present disclosure pertains by referencing the Some example embodiments and features of the present 
detailed description of the present disclosure given below . disclosure will become more apparent by describing in detail 

According to some example embodiments , there is pro- some example embodiments thereof with reference to the 
vided a semiconductor device including a time - to - digital 65 attached drawings , in which : 
converter ( TDC ) configured to receive a reference frequency FIG . 1 is a block diagram of a semiconductor device 
signal and a feedback frequency signal , and output a first according to some example embodiments ; 
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FIG . 2 is a block diagram of a calibration circuit of the nal FREF and the feedback frequency signal F FEED and 
semiconductor device according to some example embodi- outputs the result of the low band - pass filtering operation as 
ments ; the second digital signal . 
FIG . 3 is a block diagram of a loop gain calibrator ( LGC ) The DLF 12 is generally realized as an element such as a 

of the semiconductor device according to some example 5 digital adder or a digital multiplier and is thus not substan 
embodiments ; tively affected by PVT variations . 
FIG . 4 is a graph for explaining a method of operating a The DCO 14 may generate an oscillation signal FDCO 

semiconductor device according to some example embodi- having a determined frequency based on a third digital 
ments ; signal DCW output by a multiplier circuit 120 of a calibra 

FIG . 5 is a block diagram of an example time - to - digital tion circuit 100. The multiplier circuit 120 may perform a 
converter ( TDC ) of the semiconductor device according to multiplication operation on the second digital signal , which 
some example embodiments ; is output by the DLF 12 , using a determined multiplication 
FIG . 6 is a block diagram of a semiconductor device coefficient ß . That is , the DCO 14 may generate the oscil 

including a dithering circuit according to some example 15 lation signal Foco based on the third digital signal DCW , 
embodiments ; which is based on the second digital signal output from the 
FIG . 7 is a block diagram of a semiconductor device DLF 12 that is passed through the multiplier circuit 120 . 

including a controller external to the LGC according to some A gain Koco of the DCO 14 may be affected by PVT 
example embodiments ; variations , and as a result , the characteristics of the DCO 14 
FIG . 8 is a block diagram of a calibration circuit of the may change . 

semiconductor device including the controller external to the The first divider circuit 16 may generate the feedback 
LGC according to some example embodiments ; and frequency signal FFEED by dividing the oscillation signal 

Koco , which is output by the DCO 14 , by a first division FIG.9 is a block diagram of an LGC of the semiconductor ratio M and may feed back the feedback frequency signal device including the controller external to the LGC accord to the TDC 10. Accordingly , the TDC 10 may ing to some example embodiments . 
FIG . 10 is a flow chart a method of calibrating a digital repeatedly compare the phases and frequencies of the ref 

controlled oscillator ( DCO ) to compensate for process erence frequency signal FREF and the feedback frequency 
voltage - temperature ( PVT ) variations according to some signal FFEED . According to some example embodiments , the 

first divider circuit 16 may receive the first division ratio M example embodiments . via software such as an operating system or an application 
or via hardware such as a memory or a register . DETAILED DESCRIPTION The second divider circuit 18 may allow , together with the 

FIG . 1 is a block diagram of a semiconductor device first divider circuit 16 , the frequency of the feedback fre 
according to some example embodiments . quency signal FFEED to be precisely adjusted with a second 

Referring to FIG . 1 , a semiconductor device 1 includes a 35 division ratio K. For example , in order to obtain a rational 
time - to - digital converter ( TDC ) 10 , a digital loop filter frequency value a , rather than an integer frequency value M , 
( DLF ) 12 , a digital - controlled oscillator ( DCO ) 14 , a first the second divider circuit 18 may dither the first division 
divider circuit ( DIV ) 16 , and a second divider circuit ( DSM ) ratio M , thereby obtaining a rational division ratio ( M + a ) . 

Here , a = K / 2n where n is the number of bits of the second 18. According to some example embodiments , operations division ratio K. described herein as being performed by any or all of the 40 The first and second divider circuits 16 and 18 may be TDC 10 , the DLF 12 , the DCO 14 , the first divider circuit 
16 and the second divider circuit 18 may be performed by selectively employed or unemployed depending on an appli 

cation of the semiconductor device 1 and are not consider circuitry , such as an application - specific integrated circuit 
( ASIC ) and / or a field programmable gate array ( FPGA ) . ably affected by PVT variations . 

The TDC 10 receives a reference frequency signal FREF If the calibration circuit 100 is not provided in the 
and a feedback frequency signal Freed and outputs the time semiconductor device 1 , a loop gain T ( s ) of the semicon 
difference between the reference frequency signal F , ductor device 1 , which is modeled from an s - domain , may and be determined by the following equation : the feedback frequency signal Ffeed as a first digital signal . 
That is , the TDC 10 may compare the phases and frequen 
cies of the reference frequency signal F REF and the feedback 50 TREF KDCO frequency signal FPEED and output a digital signal that is T ( S ) HOLF ( s ) 2? ?TDC based on the phase and frequency differences between the 
reference frequency signal FREF and the feedback frequency 
signal FFEED as the first digital signal . According to some where T denotes the period of the reference frequency 
example embodiments , the TDC may receive the reference 55 signal , Ardo denotes the resolution of the TDC 10 , KDco 
frequency signal Frer via software such as an operating denotes the gain of the DCO 14 , M + a denotes a coefficient 
system or an application or via hardware such as a memory used by the first and second divider circuits 16 and 18 to 
or a register . determine the oscillation signal Foco , and Holf ( s ) denotes 
A resolution ATDc of the TDC 10 may be affected by the characteristic equation of the DLF 12 . 

process - voltage - temperature ( PVT ) variations , and as a 60 As shown in the above equation , as the resolution Atdc of 
result , the characteristics of the TDC 10 may change . the TDC 10 and the gain Koco of the DCO 14 are affected 

The DLF 12 may output a second digital signal by by PVT variations , not only the characteristics of the TDC 
performing a filtering operation on the first digital signal 10 and the DCO 14 , but also the loop gain of the entire 
output by the TDC 10. That is , the DLF 12 may perform a semiconductor device 1 , may change . Accordingly , the loop 
low band - pass filtering operation on the first digital signal , 65 bandwidth of the semiconductor device 1 may not be able to 
which is output by the TDC 10 and represents the phase and be uniformly maintained , and as a result , the yield of the 
frequency differences between the reference frequency sig- semiconductor device 1 may be lowered . 

45 

REF 

1 1 
= 

S M + a 

REF 
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In order to address these challenges , the semiconductor used in the present disclosure , may refer to , for example , a 
device 1 may further include the calibration circuit 100 . hardware - implemented data processing device having cir 

The calibration circuit 100 includes a loop gain calibrator cuitry that is physically structured to execute desired opera 
( LGC ) 110 and the multiplier circuit 120 . tions including , for example , operations represented as code 
The LGC 110 is a circuit for compensating for the 5 and / or instructions included in a program . In at least some 

influence of PVT variations on the DCO 14. That is , when example embodiments the above - referenced hardware 
the gain Koco of the DCO 14 decreases due to PVT implemented data processing device may include , but is not variations , the LGC 110 uniformly maintains loop gain by limited to , a microprocessor , a central processing unit compensating for the decrease in the gain Kpco of the DCO ( CPU ) , a processor core , a multi - core processor ; a multi 14 using the multiplier circuit 120 . processor , an ASIC and an FPGA . Specifically , the LGC 110 receives the oscillation signal The AFC 20 is used to perform coarse calibration to Foco , generates a pair of test signals ( D1 and D2 ) , and calibrate the frequency of the oscillation signal Foco , which determines the multiplication coefficient ß of the multiplier 
circuit 120 using the pair of test signals ( D1 and D2 ) and the is output by the DCO 14 , to fall within a similar frequency 
first division ratio M. Also , the LGC 110 generates a final 15 range to , or the same frequency as , a desired frequency . The 
test signal D which may be input to the DCO 14 in AFC 20 may calibrate the frequency of the oscillation signal 
place of the third digital signal DCW , using the pair of test Foco using , for example , a binary search algorithm . The 
signals ( D1 and D2 ) . For example , the LGC 110 may AFC 20 may provide an output signal Darc to the DCO 14 
generate the final test signal DTest by performing a subtrac- based on the calibration of the frequency of the oscillation 
tion operation using the pair of test signals ( D1 and D2 ) . 20 signal Foco . The operation of the AFC 20 will be described 
According to some example embodiments , the LGC 110 later in detail with reference to FIG . 4. According to some 
may receive the first division ratio M and the reference example embodiments , the AFC 20 may receive the refer 
frequency signal FREF via software such as an operating ence frequency signal FREF via software such as an operating 
system or an application or via hardware such as a memory system or an application or via hardware such as a memory 
or a register . 25 or a register . The AFC 20 may receive the feedback fre 

The pair of test signals ( D1 and D2 ) includes first and quency signal FFEED from the first divider circuit 16 . 
second test signals D1 and D2 . The frequency of the first test FIG . 2 is a block diagram of a calibration circuit of the 
signal D1 may be lower or higher than the frequency of the semiconductor device according to some example embodi 
oscillation signal Foco ( also referred to herein as the oscil- ments . 
lation signal frequency ) by as much as a first frequency , and 30 Referring to FIG . 2 , the calibration circuit 100 may 
the frequency of the second test signal D2 may be higher or include the LGC 110 and the multiplier circuit 120 , and the 
lower than the frequency of the oscillation signal F , by as multiplier circuit 120 may include a multiplier 122 and a 
much as the first frequency . The first and second test signals multiplexer 124. According to some example embodiments , 
D1 and D2 will be described later in detail with reference to the calibration circuit 100 of FIG . 2 may be similar to or the 
FIG . 4 . 35 same as the calibration circuit 100 of FIG . 1. Repeated 

The LGC 110 may receive one or more parameters ( A , B , descriptions already given above with reference to FIG . 1 
and R ) , which are used to compensate for the influence of the will be omitted . According to some example embodiments , 
PVT variations on the DCO 14 , for example , from outside operations described herein as being performed by any or all 
the semiconductor device 1. For example , the LGC 110 may of the multiplier 122 and the multiplexer 124 may be 
receive the one or more parameters ( A , B , and R ) via 40 performed by circuitry , such as an ASIC and / or an FPGA . 
software such as an operating system or an application or via The multiplier 122 may output the third digital signal 
hardware such as a memory or a register . DCW by multiplying the second digital signal , which is 

Since the semiconductor device 1 may be operated by output by the DLF 12 , by the multiplication coefficient ß . 
receiving the one or more parameters ( A , B , and R ) as The multiplication coefficient ß may be appropriately set so 
user - set values , the oscillation signal FDCO may be tuned in 45 that any decrease in the gain Kpco of the DCO 14 , resulting 
any desired manner , and the loop gain and loop bandwidth from PVT variations , may be compensated for under the 
of the semiconductor device 1 may be stabilized . control of a multiplication coefficient setting signal G pro 

The multiplier circuit 120 outputs the third digital signal vided by the LGC 110 ( depicted in FIG . 1 as " CTL ” ) . 
DCW by multiplying the second digital signal , which is The multiplexer 124 may selectively provide the third 
output by the DLF 12 , by the multiplication coefficient B , to 50 digital signal DCW , which is output by the multiplier 122 , 
compensate for the decrease of the gain Koco due to the and the final test signal DTEST , which is generated by the 
PVT variations . LGC 110 , to the DCO 14 under the control of a selection 

The multiplier circuit 120 may be controlled by a control signal SEL provided by the LGC 110 . 
signal CTL of the LGC 110 . FIG . 3 is a block diagram of an LGC of the semiconductor 

The calibration circuit 100 will be described later in detail 55 device according to some example embodiments . 
with reference to FIGS . 2 and 3 . Referring to FIG . 3 , the LGC 110 of the semiconductor 

The influence of PVT variations on the TDC 10 may be device 1 includes a counter 112 , a compensation factor 
addressed by allowing the TDC 10 to use a delay chain 142 calculator ( CFC ) 114 , and a controller 116. According to 
of the DCO 14 , and this will be described later in detail with some example embodiments , the LGC 110 of FIG . 3 may be 
reference to FIG . 5 . 60 similar to or the same as the LGC 110 of FIGS . 1-2 . 

The semiconductor device 1 may further include an Repeated descriptions already given above with reference to 
automatic frequency calibrator ( AFC ) 20. According to FIG . 1 will be omitted . According to some example embodi 
some example embodiments , operations described herein as ments , operations described herein as being performed by 
being performed by the AFC 20 may be performed by at any or all of the counter 112 and the CFC 114 may be 
least one processor executing program code that includes 65 performed by circuitry , such as an ASIC and / or an FPGA . 
instructions corresponding to the operations . The instruc- The counter 112 receives the oscillation signal Foco and 
tions may be stored in a memory . The term “ processor , ' as generates the pair of test signals ( D1 and D2 ) . The genera 
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tion of the pair of test signals is discussed in further detail Foco , which is generated by the DCO 14 , using , for 
in association with FIG . 4 below . example , a binary search algorithm . 

The CFC 114 receives the pair of test signals ( D1 and D2 ) , The final test signal Drest may be set to half of an upper 
output by the counter 112 , and generates the multiplication limit value of the second digital signal , which is output by 
coefficient setting signal G , which is output to the multiplier 5 the DLF 12. For example , in a case where the second digital 
122 of the multiplier circuit 120 for setting the multiplica- signal consists of 10 bits , the final test signal D 
tion coefficient ß of the multiplier 122 . set to half of the upper limit value of the second digital 
As discussed further in association with FIG . 4 below , the signal , e.g. , 512 ( = 1024 / 2 ) . 

CFC 114 may receive a third parameter R and the first In Phase 2 , the semiconductor device 1 extracts the gain 
division ratio M , which is used to determine the ratio of the Koco of the DCO 14 using the LGC 110. In Phase 2 , the 
frequency of the oscillation signal Foco and the gain Koco AFC 20 may be turned off . 
of the DCO 14 , and may generate the multiplication coef- In Phase 2 , the oscillation signal Foco may be output as 
ficient setting signal G based on the third parameter R and the first and second test signals D1 and D2 . 
the first division ratio M. The frequency of the first test signal D1 may be set to be 

The controller 116 may receive a first parameter A , which lower or higher than the frequency of the first output signal , 
is used to determine the frequencies of the pair of test signals e.g. , the frequency of the oscillation signal Fpco , which is 
( D1 and D2 ) , and a second parameter B , which is used to finally output from the Phase 1 , by as much as the first 
determine the output durations of the pair of test signals ( D1 frequency . On the other hand , the frequency of the second 
and D2 ) . The controller 116 may output the final test signal 20 test signal D2 may be set to be higher or lower than the 
DTEST , which is generated based on the first and second frequency of the first output signal , e.g. , the frequency of the 
parameters A and B. The controller 116 may also output the oscillation signal FDCO , which is finally output from the 
selection signal SEL to the multiplexer 124 of the multiplier Phase 1 , by as much as the first freque cy . 
circuit 120 to control the multiplexer 124 to switch between For example , in a case where the second digital signal , 
outputting the third digital signal DCW and outputting the 25 which is output by the DLF 12 , consists of 10 bits , the first 
final test signal DTEST test signal D1 may be output while being maintained at a 

The counter 112 , the CFC 114 , and the controller 116 may frequency of ( 512 - A ) during as long a cycle of the reference 
be driven by the reference frequency signal F frequency signal F as B in the section I , and the second 

The CFC 114 may receive the third parameter R , which is test signal D2 may be output while being maintained at a 
used to determine the ratio of the frequency of the oscillation 30 frequency of ( 512 + A ) for during as long a cycle of the 
signal Foco and the gain Koco of the DCO 14 , for example , reference frequency signal F as B in the section II . Here , 
from outside the semiconductor device 1. For example , the A and B denote the first and second parameters , respectively , 
CFC 114 may receive the third parameter R via software which are used to determine the frequencies and the output 
such as an operating system or an application or via hard- durations of the first and second test signals D1 and D2 . 
ware such as a memory or a register . However , some example embodiments are not limited 

Similarly , the controller 116 may receive the first param- thereto , unlike what is shown in FIG . 4 , the first test signal 
eter A , which is used to determine the frequencies of the pair D1 may be output while being maintained at the frequency 
of test signals ( D1 and D2 ) , and the second parameter B , of ( 512 + A ) during as long a cycle of the reference frequency 
which is used to determine the output durations of the pair signal F as B in the section I , and the second test signal 
of test signals ( D1 and D2 ) , for example , from outside the 40 D2 may be output while being maintained at the frequency 
semiconductor device 1. For example , the controller 116 of ( 512 - A ) for during as long a cycle of the reference 
may receive the first and second parameters A and B via frequency signal FREF as B in the section II . 
software such as an operating system or an application or via A count D1 of rising edges of the first test signal Di , 
hardware such as a memory or a register . which is applied to the DCO 14 while being maintained at 
A method of operating the semiconductor device 1 45 the frequency of ( 512 - A ) for during as long a cycle of the 

according to some example embodiments will hereinafter be reference frequency signal FREF as B , and a count D2 of 
described with reference to FIG . 4 . rising edges of the second test signal D2 , which is applied 
FIG . 4 is a graph for explaining a method of operating a to the DCO 14 while being maintained at the frequency of 

semiconductor device according to some example embodi- ( 512 + A ) for during as long a cycle of the reference fre 
ments . quency signal FREF as B , may be represented by the follow 

Referring to FIGS . 1 through 4 , the operation of the ing equations : 
semiconductor device 1 may be divided into three phases , 
e.g. , Phase 1 , Phase 2 , and Phase 3 . 

In Phase 1 , the semiconductor device 1 generates a first Foco Ffr + ( 512- A ) . KDCO 
output signal by performing a first calibration operation on 55 FREF / B FREF / B 
the frequency of the oscillation signal Foco of the DCO 14 Ffr + ( 512 + A ) . KDCO using the LGC 110 and the AFC 20 . FREF / B FREF / B In Phase 1 where the LGC 110 is driven , the multiplexer 2A . Koco 124 may be set to apply the final test signal DTEST , instead Dx = D2 - DIE FREF / B of the output of the DLF 12 , to the DCO 14 under the control 60 
of the selection signal SEL . 

Thereafter , the semiconductor device 1 may perform the where Foco denotes the oscillation signal output by the 
first calibration operation ( e.g. , a coarse calibration opera- DCO 14 , F denotes the frequency of the reference 
tion ) using the AFC 20 to calibrate the frequency of the frequency signal , B denotes the second parameter , FFT 
oscillation signal Foco to quickly fall within a frequency 65 denotes the free running frequency of the DCO 14 , A 
range similar to or the same as a desired frequency . The AFC denotes the first parameter , and Koco is the gain of the DCO 
20 may calibrate the frequency of the oscillation signal 14 . 
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As shown in the above equations , the gain Koco of the In a case where the TDC 10 of FIG . 5 is employed , the 
DCO 14 may be identified by a digital value Dy , and as a loop gain T ( s ) of the semiconductor device 1 , which is 
result , a variation in the gain Koco of the DCO 14 , resulting modeled from an s - domain , may be represented by the 
from PVT variations , may also be identified . Accordingly , following equation : 
the loop gain of the semiconductor device 1 may be uni- 5 
formly maintained by compensating for a decrease in the 
gain Koco of the DCO 14 using the multiplier 122 of the TREF Koco T ( S ) .B HOLF ( s ) = 2? ???? multiplier circuit 120 . 
As already mentioned above , the LGC 110 determines the KDco 2.A.B.M Holf ( s ) = multiplication coefficient ß of the multiplier 122 using the 2A.Kpco 1024 M + a 

pair of test signals ( D1 and D2 ) . In a case where the third 
parameter R , e.g. , FocoKoco , which is for determining the 
ratio of the frequency of the oscillation signal Foco and the 6 1 .. FREF HDLF ( S ) gain Koco of the DCO 14 , is set to , for example , 1024 , the 
multiplication coefficient ß may be represented by the fol 
lowing equation : In the above equation , the number 6 indicates that the 

DCO 14 is implemented as a 3 - stage DCO and the output 
signal of the DCO 14 has 6 phases . On the other hand , if the 

B = 20 DCO 14 is implemented as a 4 - stage DCO , the output signal ???? Dx : FREF 1024 DX 
of the DCO 14 may have 8 phases , and thus , the number 6 
in the above equation may be replaced with the number 8 . 
As shown in the above equation , the loop gain T ( s ) of the Since the first and second parameters A and B and the first semiconductor device 1 is dependent only upon the fre division ratio M are user - set values and the digital value Dx 25 quency of the reference frequency signal Free and the is a value deduced from the counts D1 and D2 , a variation characteristic equation Hplf ( s ) of the DLF 12. Thus , it is in the gain Koco of the DCO 14 , resulting from PVT 

variations , may be compensated for and the loop gain of the apparent that the influence of PVT variations on the loop 
semiconductor device 1 may be appropriately controlled . gain of the semiconductor device 1 is reduced or excluded . 

Thereafter , the semiconductor device 1 may perform a 30 FIG . 6 is a block diagram of a semiconductor device 
second calibration operation on the frequency of the oscil including a dithering circuit according to some example 
lation signal Foco by applying the final test signal DTest to embodiments . 
the DCO 14 . Referring to FIG . 6 , a semiconductor device 2 may be 

In Phase 3 , the LGC 110 is turned off , and phase locking similar to or the same as the semiconductor device 1 of FIG . 
is performed . As a result , a final oscillation signal FOUT is 35 1 , and may further include a dithering circuit 19. Repeated 
output . descriptions already given above with reference to FIG . 1 

In this manner , if the gain Kuco of the DCO 14 decreases will be omitted . According to some example embodiments , 
due to PVT variations , the LGC 110 may compensate for the operations described herein as being performed by the 
decrease in the gain Koco of the DCO 14 using the multi- dithering circuit 19 may be performed by circuitry , such as 
plier circuit 120 and may thus allow the loop gain of the 40 an application - specific integrated circuit ( ASIC ) and / or a 
semiconductor device 1 to be uniformly maintained . As a field programmable gate array ( FPGA ) . 
result , the bandwidth of the semiconductor device 1 may The dithering circuit 19 may perform dithering on an also be uniformly maintained , and the yield of the semicon oscillation signal Foco by controlling first and second ductor device 1 may be raised . divider circuits 16 and 18. That is , a spread spectrum clock In addition , since the one or more parameters ( A , B , and 45 generation ( SSCG ) that dithers the oscillation signal Foco R ) , which are used for the operation of the LGC 110 , are by modulating a division ratio K , which is input to the provided from outside the semiconductor device 1 as user 
set values , the oscillation signal Foco may be tuned in any dithering circuit 19 , into the form of a sawtooth wave may 

be realized . desired manner , and the loop gain and the loop bandwidth of 
the semiconductor device 1 may be stabilized . In general , in the case of realizing the SSCG , a dithering 
FIG . 5 is a block diagram of an example TDC of the profile is affected by PVT variations , and as a result , the 

semiconductor device according to some example embodi bandwidth may be reduced . Then , a modulation profile is 
ments . low - pass - filtered , and the modulation ratio , which is the 

Referring to FIG . 5 , in order to overcome the influence of peak - to - peak value of the dithering profile , may be reduced . 
PVT variations , the TDC 10 may be allowed to use the delay 55 However , in the case of realizing the semiconductor 
chain 142 of the DCO 14 because PVT variations are device 2 , which includes the dithering circuit 19 , the influ 
generally caused by the delay chain 142 , which is formed by , ence of PVT variations on the dithering profile may be 
for example , a plurality of inverters . According to some reduced or excluded , and as a result , a uniform modulation 
example embodiments , the TDC 10 and the DCO 14 of FIG . profile may be obtained . 
5 may be similar to or the same as the TDC 10 and the DCO 60 FIG . 7 is a block diagram of a semiconductor device 
14 of FIG . 1. Repeated descriptions already given above including a controller external to the LGC according to some 
with reference to FIG . 1 will be omitted . example embodiments , FIG . 8 is a block diagram of a 

However , the influence of PVT variations on the TDC 10 calibration circuit of the semiconductor device including the 
may be addressed in various manners other than that set controller external to the LGC according to some example 
forth herein , and a TDC 10 having an arbitrary structure that 65 embodiments , and FIG . 9 is a block diagram of an LGC of 
may reduce or exclude the influence of PVT variations may the semiconductor device including the controller external to 
be used . the LGC according to some example embodiments . 
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Referring first to FIG . 9 , an LGC 110a of a semiconductor In operation 1009 , a second calibration is performed on 
device 3 includes a counter 112 and a CFC 114 , but , unlike the oscillation frequency by providing the final test signal to 
the LGC 110 of FIG . 3 , does not include the controller 116 the DCO . According to some example embodiments , the 
of FIG . 3 . second calibration is used to compensate for PVT variations . 

Referring to FIGS . 7 and 8 , a calibration circuit 100 of the 5 The second calibration is discussed further in association 
semiconductor device 3 includes the LGC 110a and a with FIG . 4 . 
multiplier circuit 120. In some example embodiments , a According to some example embodiments , when the gain multiplexer 124 selectively provides one of a third digital of a DCO decreases , the loop gain of a semiconductor device signal DCW , which is output by a multiplier 122 , and a final may be uniformly maintained , regardless of PVT variations , test signal DTEST , which is generated by a controller 200 , to 10 by compensating for the decrease in the gain of the DCO a DCO 14 under the control of a selection signal SEL , which using a multiplier circuit . Accordingly , the bandwidth of a is provided by the controller 200 . 
A multiplication coefficient ß of the multiplier 122 may be semiconductor device may be uniformly maintained , and the 

appropriately set to compensate for a decrease in a gain yield of a semiconductor device may be raised . 
Koco of the DCO 14 , resulting from PVT variations , under 15 In addition , one or more parameters used for operating an 
the control of a multiplication coefficient setting signal G , LGC are provided from outside a semiconductor device as 
which is provided by the LGC 110a . user - set values , an oscillation signal may be tuned in any 

In short , referring to FIGS . 7-9 , the semiconductor device desired manner , and the loop gain and the loop bandwidth of 
3 differs from the semiconductor device 1 in that the a semiconductor device may be stabilized . 
controller 116 of the LGC 110 of FIG . 3 is implemented as 20 Moreover , as already described above with reference to 
the controller 200 on the exterior of the LGC 110a . FIG . 6 , in the case of realizing an SSCG , the influence of 

That is , the controller 200 may be implemented on the PVT variations on a dithering profile may be reduced or 
exterior of the LGC 110a , or even on the exterior of the excluded , and as a result , a uniform modulation profile may 
semiconductor device 3 , depending on an application of the be obtained . 
semiconductor device 3 . In concluding the detailed description , those skilled in the 
FIG . 10 is a flow chart a method of calibrating a digital art will appreciate that many variations and modifications 

controlled oscillator ( DCO ) to compensate for process may be made to some example embodiments without sub 
voltage - temperature ( PVT ) variations according to some stantially departing from the scope of the claims provided 
example embodiments . According to some example embodi below . 
ments , the method of FIG . 10 is performed by a semicon- 30 
ductor device similar to or the same as the semiconductor What is claimed is : 
device 1 of FIG . 1 , semiconductor device 2 of FIG . 6 , or 1. A method of operating a semiconductor device , com 
semiconductor 3 of FIG . 7 . prising : 

Referring to FIG . 10 , in operation S1001 , a first output generating a first output signal by performing a first 
signal is generated by performing a first calibration opera- 35 calibration operation on an oscillation signal of a 
tion on an oscillation signal of a digital - controlled oscillator digital - controlled oscillator ( DCO ) , the oscillation sig 
( DCO ) . The oscillation signal has an oscillation frequency . nal having an oscillation signal frequency ; 
According to some example embodiments , as discussed generating a first test signal , a frequency of the first test 
further in association with FIG . 1 , the oscillation signal signal being lower than a frequency of the first output 
F , has a determined frequency based on a third digital 40 signal by as much as a first frequency ; 
signal DCW output by a multiplier circuit 120 of a calibra- generating a second test signal , a frequency of the second 
tion circuit 100. The multiplier circuit 120 may perform a test signal being higher than the frequency of the first 
multiplication operation on the second digital signal , which output signal by as much as the first frequency ; 
is output by the DLF 12 , using a determined multiplication generating a final test signal based on the first and second 
coefficient ß . That is , the DCO 14 may generate the oscil- 45 test signals ; and 
lation signal Foco based on the third digital signal DCW , performing a second calibration on the oscillation signal 
which is based on the second digital signal output from the frequency by providing the final test signal to the DCO . 
DLF 12 that is passed through the multiplier circuit 120 . 2. The method of claim 1 , wherein the generating the first 

In operation S1003 , a first test signal is generated . output signal comprises performing the first calibration 
According to some example embodiments , the first test 50 operation on the oscillation signal frequency using a binary 
signal may have a frequency lower than a frequency of the search algorithm . 
first output signal by as much as a first frequency . The first 3. The method of claim 2 , wherein the first output signal 
test signal may be similar to or the same as the first test is set to half of an upper limit value of a digital output signal 
signal D1 discussed in association with FIG . 4 . of a digital loop filter . 

In operation S1005 , a second test signal is generated . 55 4. The method of claim 1 , wherein 
According to some example embodiments , the second test the generating the first test signal includes 
signal may have a frequency higher than a frequency of the determining a frequency of the first test signal using a first 
second output signal by as much as the first frequency . The parameter , and 
second test signal may be similar to or the same as the determining an output duration of the first test signal 
second test signal D2 discussed in association with FIG . 4. 60 using a second parameter , the first and second param 

In operation S1007 , a final test signal is generated based eters being provided to the semiconductor device from 
on the first test signal and the second test signal . According an external source , and 
to some example embodiments , the final test signal is the generating the second test signal includes 
generated by performing a subtraction operation using the determining a frequency of the second test signal using 
first test signal and the second test signal . The final test 65 the first parameter , and 
signal is discussed further in association with FIGS . 1-4 and determining an output duration of the second test signal 
7-8 . using the second parameter . 
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5. The method of claim 4 , further comprising : 11. The method of claim 10 , wherein the first test signal 
counting rising edges of the first test signal while main- frequency is different from the second test signal frequency . 

taining the first test signal at the determined frequency 12. The method of claim 11 , wherein the first test signal 
using the first parameter during the determined output frequency is lower than the second test signal frequency . 
duration using the second parameter , and 13. The method of claim 11 , wherein the first test signal 

counting rising edges of the second test signal while frequency is higher than the second test signal frequency . maintaining the second test signal at the determined 14. The method of claim 10 , further comprising : frequency using the first parameter during the deter generating the first signal of the DCO by performing a mined output duration using the second parameter . first calibration operation on an oscillation signal of the 6. The method of claim 5 , wherein the generating the final 10 digital - controlled oscillator ( DCO ) using an automatic test signal comprises performing a subtraction operation frequency calibrator . using the first and second test signals . 
7. The method of claim 6 , wherein the performing the 15. The method of claim 14 , wherein the first signal is set 

subtraction operation using the first and second test signals to half of an upper limit value of a digital output signal of 
comprises identifying a gain of the DCO by a digital value , 15 a digital loop filter . 

wherein the digital value is generated based on a differ 16. The method of claim 15 , further comprising : 
ence of a first result of the counting rising edges of the determining a multiplication coefficient using the gain of 
first test signal and a second result of the counting the DCO ; and 
rising edges of the second test signal . providing a multiplied digital signal to the DCO , the 

8. The method of claim 1 , further comprising : multiplied digital signal being obtained by performing 
determining a multiplication coefficient using the first and a multiplication operation on a digital signal using the 

second test signals ; and multiplication coefficient , the digital signal being 
providing one of a multiplied digital signal and the final obtained from the digital loop filter . 

test signal to the DCO , the multiplied digital signal 17. A method of operating a semiconductor device , com 
being obtained by performing a multiplication opera- 25 prising : 
tion on a digital signal using the multiplication coeffi receiving a first signal set to half of an upper limit value 
cient , the digital signal being obtained from a digital of a digital output signal of a digital loop filter by 
loop filter ( DLF ) . performing a first calibration operation on an oscilla 

9. The method of claim 8 , further comprising : tion signal of a digital - controlled oscillator ( DCO ) ; 
selectively providing the multiplied digital signal and the 30 generating a first test signal , a frequency of the first test 

final test signal to the DCO using a multiplexer . signal being a first test signal frequency different from 
10. A method of operating a semiconductor device , com a signal frequency of the first signal ; 

prising : generating a second test signal , a frequency of the second 
receiving a first signal of a digital - controlled oscillator test signal being a second test signal frequency different 

( DCO ) , the first signal having a first signal frequency ; 35 from the signal frequency of the first signal and the first 
generating a first test signal , a frequency of the first test test signal frequency ; 

signal being a first test signal frequency different from identifying a gain of the DCO using the first test signal 
and the second test signal ; the first signal frequency by as much as a first fre determining a multiplication coefficient using the gain of quency ; 

generating a second test signal , a frequency of the second 40 the DCO ; and 
test signal being a second test signal frequency different selectively providing one of a multiplied digital signal and 
from the first signal frequency by as much as the first a final test signal to the DCO using a multiplexer , the 
frequency ; multiplied digital signal being obtained by performing 

counting rising edges of the first test signal while main a multiplication operation on a digital signal using the 
taining the first test signal at the first test frequency 45 multiplication coefficient , the digital signal being 
using a first parameter during a output duration using a obtained from the digital loop filter . 
second parameter ; 18. The method of claim 17 , wherein the first test signal 

counting rising edges of the second test signal while frequency different from the first signal frequency by as 
maintaining the second test signal at the second test much as a first frequency , and 
frequency using the first parameter during the output 50 the second test signal frequency different from the first 
duration using the second parameter ; and signal frequency by as much as the first frequency . 

identifying a gain of the DCO by a digital value , 19. The method of claim 18 , wherein the first test signal 
wherein the digital value is generated based on a differ frequency is lower than the second test signal frequency . 

ence of a first result of the counting rising edges of the 20. The method of claim 18 , wherein the first test signal 
first test signal and a second result of the counting 55 frequency is higher than the second test signal frequency . 
rising edges of the second test signal . 


